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This paper reports on the magnetic properties of magnetosomes in the freshwater magnetotactic bacterium Aquaspirillum
nlllgnetOlaClicwn. The magnetosomes are well crystallized particles of magnetite with dimensions of 40 to 50 nm, which are
arranged within cells in a single linear chain and are within the single-magnetic-domain (SO) size range for. magnetite. A
variety of magnetic properties have been measured for two samples of dispersions of freeze-dried cells consisting of (1) whole
cells (M-l) and (2) magnetosomes chains separated from cells (M-2). An important result is that the acquisition and
demagnetization of various type of remanent magnetizations are markedly diffcrent for the two samples and suggest that
remanence is substantially affected by magnetostatic interactions. Interactions are likely to be much more important in M-2
because the extracted magnetosome chains are no longer separated from one another by the cell membrane and cytoplasm.
Other experimental data for whole cells agree with predictions based on the chain of spheres model for magnetization reversal.
This model is consistent with the unique linear arrangement of equidimensional particles in A. magnelOlacticum. The magnetic
properties of bacterial and synthetic magnetites are compared and the paleomagnetic implications are discussed.

1. Introduction
Magnetotactic bacteria in marine or freshwater
aquatic sediments orient and navigate along geo
magnetic field lines [1]. These bacteria are typi
cally microaerophillic, inhabiting the microaerobic
sediment between the aerobic surface and anoxic
deep layers. All species of magnetotactic bacteria

contain magnetosomes, which are intracytop
lasmic, membrane-bound particles of magnetite,
Fe3 0 4 [2]. Magnetotactic bacteria synthesize Fe 30 4
by accumulating ferric or ferrous iron, or both,
from their environment to intracellular concentra
tion that are 10 4 to 10 5 times higher than ex

tracellular concentrations (3). Magnetosome mor
phologies are species dependent [4], but are invari
able within the single-magnetic-domain (SD) size
range for Fe J 0 4 . Magnetosomes within cells are
often arranged in one or more chains with the
chain axis more or less parallel to the axis of
motility of the cell. Because of interparticle inter
actions among the magnetosomes in a chain, all

the particle moments are aligned parallel to each
other along the chain direction. The chain of
magnetosomes thus has a permanent magnetic
dipole moment which is responsible for the mag
netotactic response of the organism in the geo
magnetic field (5).
Magnetotactic bacteria are found in the sedi
ments of many aquatic environments [1). When

't,

cells die, their magnetosomes or magnetosome
chains could remain in the sediments, making
substantial contributions to the paleomagnetic re
cord preserved in sedimentary rocks [6]. It has
been suggested that fossil magnetosomes may be
the primary source of stable natural remanent
magnetization in marine sediments [6-10]. Chang
et al. [7] reported isolation of SD magnetite of
biogenic origin from modern marine carbonate
oozes and calcareous laminated sediments. They
also reported isolation of Fe 30 4 particles, with
morphologies analogous to magnetosomes in cur
rent magnetotactic bacteria, in Cambrian limes
tones dated to 500 million years. Petersen et al. [8]
have also isolated chains of SD sized particles of
Fe 30 4 with similar morphologies from deep sea
sediment cores dated to 50 million years.
Aquaspirillum magnetotacticum is a freshwater
magnetotactic bacterium. This organism is cur
rently the only magnetotactic microorganism
available in pure culture [11]. A. magnetotacticum
contains a single chain of magnetosomes that
longitudinally traverses the cell, as shown in fig. 1.
The Fe,0 4 particles in this organism have linear
dimensions of 40 to 50 nm and are separated from
adjacent particles in the chain by approximately 4
to 10 nm [3]. The particles are well crystallized
with truncated octahedral morphology and are
oriented so that [111] faces are perpendicular to
the magnetosome chain axis [4]. The number of
magnetosomes per cell is variable within a popula
tion, but the average number is typically 10 to 20
magnetosomes per cell [3]. The average number of
magnetosomes also varies with culture conditions,
especially chelated iron concentration and dis
solved oxygen tension [12]. Intact chains of mag
netosomes can be separated from cell debris fol
lowing cell rupture [13].
Rosenblatt et al. used static light scattering [14]
and magnetically induced birefringence [15] to
measure the average magnetic dipole moment per
cell in suspensions of whole cells of A. magneto
tacticum in water. Their results were consistent
with estimates based on the amount of cellular
Fe 30 4 obtained from electron micrographs.
Initial bulk magnetic measurements on freeze
dried cells and isolated magnetosome chains of A.
magnetotacticum were reported by Denham et al.

[16]. The saturation magnetization (J,) of the
freeze-dried cells were consistent with an Fe 3 0 4
content of about 1% dry weight of the cells. A
saturation remanent magnetization (Jr ) approxi
mately equal to one-half the saturation magnetiza
tion confirmed the SO nature of the magnetosome
chains. However, the coercive force (He) of 21.9
mT was inconsistent with the Stoner-Wohlfarth
(SW) model [17] for magnetization reversal by
coherent rotation. Instead, Denham et al. [16]
suggested that the chain of spheres or fanning
model, as proposed by Jacobs and Bean [18]. was
a better representation of magnetization reversal
along a chain of magnetosomes. In addition, the
saturation magnetization on a unit weight basis
was higher for the isolated magnetosomes chains
whereas JrIJ, and He were lower than for the
whole cells, suggesting stronger chain-chain mag
netic interactions after removal of the cellular
surroundings.
In this paper, we present a detailed magnetic
study of magnetosomes in A. magnetotacticum
grown in pure culture. A variety of magnetic prop
erties have been measured on freeze-dried whole
cells and magnetosomes chains separated from
cells. An important result was that the acquisition
and demagnetization of various type of remanent
magnetizations were markedly different for the
two samples and suggested that remanence was
substantially affected by magnetostatic interac
tions. The magnetic properties of biogenic and
comparably sized synthetic magnetites are also
compared and discussed. In addition, hysteresis
data for whole cells are shown to be consistent
with predictions based on the chain of spheres
model for magnetization reversal. Implications for
paleomagnetism will be discussed.

2. Experimental procedures

2.1. Sample preparation
A. magnetotacticum was grown in batch culture
in chemically defined medium as described previ
ously [11]. Cells were harvested by filtration and
washed in phosphate buffer. A portion of the
washed cells was fixed in 1% glutaraldehyde and

subsequently freeze-dried after removal of the
fixative, or kept in suspension [12]. Cells were
disrupted with a French pressure cell and the
magnetic cell fraction separated in a strong mag
netic field gradient. This fraction was washed and
resuspended 10 times in fresh buffer, treated with
1 M N aCI and again washed several times to
remove adventitious protein. Electron microscopy
showed that magnetosomes in this fraction were
primarily in chains. The magnetosome chains were
subsequently fixed in 1% glutaraldehyde and
freeze-dried or kept in suspension.
Two samples of freeze-dried materials were
studied: (1) M-1, which consisted of the intact
whole cells and (2) M-2, which consisted of mag
netosomes chains separated from cells.Measure
ments of saturation magnetization were consistent
with a magnetite content of about 1% dry weight
of the cells for M-1 and about 14% for M-2. The
freeze-dried powders were mixed in a non-mag
netic matrix of epoxy for remanence measure
ments. It should be emphasized that because of
the higher concentration of magnetite in M-2,
particle agglomeration was more likely to occur
and therefore local concentrations in M-2 may be
much higher than the average of 14%.

2.2. Magnetic measurements
Hysteresis loops were measured with an ac
gradient force magnetometer [19]. Samples of
whole cells or extracted magnetosomes were dried
onto mylar film substrates and measurements
made in the plane of the film. Using the ac
gradient force magnetometer, the anisotropy field
distribution was determined by saturating the
sample magnetically, reducing the external field to
zero, rotating the sample by approximately 6 for
a randomly dispersed sample, or by 90 for an
aligned sample, and measuring the component of
magnetization normal to the field H. The field is
cycled between zero and a maximum field whose
value increases on consecutive cycles [19]. The
average anisotropy field H A was determined from
the initial susceptibility (Xo) of a spinning sample
using a novel Hall method [20]. Rotational hyster
esis W R as a function of field was measured as a
sample was spun clockwise and then counter
0

clockwise at a frequency greater than 1000 rpm
(see ref. [20] for more details). Magnetization mea
surements of whole cells in a water suspension
before and after freezing in an applied field were
made with a SQUID magnetometer.
Remanent magnetization (RM) was measured
with a Schonstedt spinner magnetometer. Single
and multi-axis alternating field (af) demagnetiza
tion was conducted in a low-field environment
using an af solenoid demagnetizer. For single-axis
demagnetization, the axis of demagnetization was
the axis along which RM was induced. Isothermal
remanent magnetization (IRM) was produced
using either a short-duration pulse discharge coil,
with a peak field of 100 mT, or an iron-cored
electromagnet, with a peak field of 800 mT. IRM
acquisition curves were measured by applying in
crementally increasing fields to initially demag
netized samples and noting the IRM produced.
Static field demagnetization curves were measured
by applying increasingly higher reverse-polarity dc
fields to a saturation IRM (SIRM). Anhysteretic
remanent magnetization (ARM) was imparted to
the sample, initially af demagnetized at 120 mT,
by applying an af of 100 mT simultaneously with
a small dc field. The af was reduced slowly to zero
and the remanent magnetization recorded. All
ARM's were produced by dc fields that were
always parallel to the axis of the alternating field.
Zero-field decay of a viscous remanent magnetiza
tion (VRM) was measured after the sample was
initially af demagnetized at 120 mT and then
exposed to a constant field of 0.5 mT for ap
proximately 16 h. Low-field initial susceptibility
was measured using an ac susceptibility bridge.

3. Remanence curves and coercive forces

0

To facilitate comparisons among different re
manent magnetization (RM) curves and their re
spective average coercivities, the following nota
tion is used. All RM curves are normalized with
respect to saturation remanence. IRM acquisition
and dc demagnetization curves are denoted by
Jir(H) and Jct(H), respectively. The remanent
coercive force, H p is the reverse dc field necessary
to reduce an initial SIRM to zero. The comple

H:,

ment to this is
which is the dc field at which
lire H) is 0.5. AF demagnetization curves of SIRM
or ARM are denoted by lir(l!) or larm(l!), where
H is the peak alternating field. The median de
structive field, H 1/2 • is the af necessary to reduce
an initial remanence by half. In addition, to esti
mate the spectral widths of the coercivity distribu
tions exhibited by the various RM curves, let HI
and H 2 be the fields at which the normalized
intensity is, respectively, 15% and 85% of satura
tion (e.g., ref. [21)).
For an ensemble of non-interacting single-do
main grains, Wohlfarth [22] has shown that the
following relationships hold among the different
RM curves:
ld(H)

=

1-2lir (H).

Jir ( H)

=

~ (I

J ir (H)

=

1 - lir (H)

(1a)

+ ld ( H ))
=

=

r

d ( h ),

(h).

(1 b)
(1 c)

These relations also predict that H I/2 = H: = H r
and on a plot of lir( H) and lir( H), the crossover
point occurs at a value R = 0.5 [21-26].
Particle interactions, however, will tend to off
set the coercivity spectra of the different RM
curves, and, as a result, relations (la-c) will not be
satisfied (e.g., refs. [21-26)). Instead. Kneller [26]
proposed that the effects of particle interactions
will produce two types of magnetic behavior with
respect to relations (la-c). Type I materials are
characterized by lir(H) < d(H) < r(H), R < 0.5
and H I/2 < H: < Hr. In c~ntrast, type II materials
are characterized by lir(H) > d(H) ~ r(H), R>
0.5 and HI 12 > H: ~ Hr' Dispersed powders of
SO particles, in which agglomeration of particles
occur. are type I materials, whereas. SO precipi
tates in a non-magnetic matrix, in which minimal
agglomeration occurs, are type II materials [26].
Multi-domain materials are always type I [26].
According to Kneller [26], the difference between
type I and II interactions is effectively long-range
interactions expressed via a mean field and short
range, or nearest-neighbor interactions, respec
tively. As will be shown subsequently, the mag
netic properties of M-l and M-2 correspond to
type II and type I materials, respectively.

4. Results
4.1. Hysteresis measurements
Fig. 2 shows the hysteresis curve of a random
dispersion of M-1. For this sample. l, = 0.6
Am2 /Kg. He = 26.8 mT and lrlls = 0.53. The
value of ls was equivalent to an Fe j 0 4 content of
about 1% dry weight of the cells. The remanence
ratio was consistent with the theoretical value of
0.5 for a randomly oriented ensemble of uniaxial
SO particles, and agrees with an earlier study by
Denham et al. [16].
The anisotropy field in M-l was determined by
three different methods. First, the distribution of
anisotropy fields in a randomly oriented sample of
M-l was determined as outlined above. The result
ing distribution in H A is plotted in fig. 3 (curve A)
and peaks at approximately 43.8 mT. Second, this
value was checked by measuring the initial sus
ceptibility of a spinning sample with the Hall
probe technique [20]. The result from this mea
surement was H A = 47.8 mT, in good agreement
with the first method. Third, the anisotropy distri
bution for a water suspension of whole cells (M-l)
dried onto a mylar film substrate in an external
field of 13 T was determined. The anisotropy field
distribution determined from this experiment
(curve B, fig. 3) was nearly identical with the
results obtained from the randomly dispersed
sample used in the first two methods.
Hysteresis loops were also measured parallel to
the direction of an orientating field. Here. a water
suspension of whole cells (M-I) was dried onto
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Fig. 2. Hysteresis loop for a random dispersion of freeze-dried
whole cells of magnetic bacteria (M-l).
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Fig. 3. Comparison of anisotropy field distrihution for an
aligned (curve A) and random (curve B) dispersion of freeze
dried whole cells. The aligned sample was produced by drying
a water suspension of whole cells on a mylar film in an
external field of 13 T.

mylar film substrates in either an external field of
0.6 T (aligned sample) or in the earth's field
(random sample) and the results of this experi
ment are given in table 1. Theoretically, for the
state of perfect alignment, the coercive force and
remanence ratio in a parallel direction are H "II' =
H A and irl/ls = 1.0 [17). However, Hell "" 0.6HA
and was approximately equal to the coercive force
in the random dispersion. The latter result was
consistent with the chain of spheres model [18).
Hysteresis loops and the distribution of ani
sotropy fields were also determined for a water
suspension of extracted magnetosome chains (M-2)
as a function of drying time in the earth's field.
The effect of drying produces an increase in
volume concentration. The results showed a
dramatic decrease in the coercive force from 13.8
mT for a wet sample to 3.7 mT for a completely
dried sample. The distributions of HA also shifted
to lower values as the sample dried, as shown in
Tahle 1
Coercive forces and remanence ratios for aligned and random
dispersions of whole cells
Sample
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Fig. 4. Comparison of anisotropy field distributions for a
random dispersion of freezc-dried whole cells (curve A) and for
magnctosome chains separated from cells for samples partially
dried after 30 min (curve B) and completely dried after 3 days
(curve C).

fig. 4. Moreover, the coercive force for a com
pletely dried sample of magnetosome chains was
approximately 90% lower than the value obtained
for a sample of whole cells (M-l). [n contrast,
lJis decreased only slightly from 0.53 (wet) to
0.41 (dried).
Rotational hysteresis loss W R (H) as a function
of field for M-l is shown in fig. 5. The dimension
less parameter, R, = j[WR(H)/iJ dH- 1, de
pends on the mode of magnetization reversal and
provides a means to distinguish between coherent
and incoherent modes (26). From the data in fig.
5, R I is equal to 0.92 and is 2.5 times the value
predicted by the SW model but is close to the
value of 1.02 that is predicted for a random as
sembly of particles reversing their magnetization
by fanning [26].
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Fig. 5. Rotational hysteresis loss WR versus H- 1 (in mT) for
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Measurements of the magnetic orientation of
whole cells in a water suspension at 300 K were
made with a SQUID magnetometer. The magneti
zation approached saturation for fields above 1.0
mT, as expected for an array of permanent mag
netic dipoles with moments of the order of 3 X
10 16 Am2 .
Hysteresis loops were also determined for the
suspension of cells after freezing in an applied
field in the SQUID magnetometer. By measuring
the magnetic moment during the cooling process,
it was determined that the suspension froze below
265 K. The freezing process was found to disrupt
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Fig. 7. Relative sample birefringence of suspensiLJn LJf \\hLJle
cells in water as a function LJf applied magnetic field. The s(,lid
curve is the hest fit to the data assuming an average magllL'tlC
mLJrnent per cell of 2.4x 10 II. Am 2 .

the alignment of the cells to an extent that
depended on the applied field. At 115 mT. the
moment decreased to 95% of the saturation value.
but at 10 mT. the moment decreased to about 60%
of the saturation value. The reason for this is
unclear. The complete hysteresis loop for this sam
ple is shown in fig. 6. From this curve, He = 28
mT and lells = 0.91 and agree with the results in
table 1.

4.2. Magnetically induced birefringence
Determination of the average magnetic dipole
moment per cell was made by measuring the mag
netically induced birefringence of the freeze-dried
cells after resuspension in water [15]. The data in
fig. 7 were fitted with an average magnetic mo
ment per cell of 2.4 X 10 16 Am 2 . This value agrees
with results from other studies [14.15]. Using an
estimated volume of Fe 3 0 4 per cell from electron
micrographs. the average magnetic moment corre
sponded to about 10 magnetosomes per cell.

4.3. Acquisition and demagnetization of 1RM

Fig. 6. Hysteresis loop for a suspension of fixed cells in water
frozen in 0.9 T and measured in SQUID magnetometer.

Normalized RM curves of lir(l!) and lir(H)
for M-l and M-2 are shown in fig. 8 and coercivi
ties and spectral parameters are listed in table 2.
Both samples saturated by 60 mT, but M-1 had a
slightly narrower coercivity spectrum for IRM
acquisition (table 2) and approached saturation at
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a slightly faster rate than M-2. In contrast, there
were marked differences hetween samples during
the demagnetization of SIRM, as illustrated in fig.
8. M-2 exhihited a wider spectral width (iill fi 2
= 0.17), SI RM decayed more rapidly wi th ii, R
was equal to 0.21. complete demagnetization
occurred at approximately 30 mT. and the af
demagnetization spectrum was offset towards
lower fields with respect to its dc magnetization
spectrum. For M-1, however. the spectral width
was narrower (fill if 2 = 0.54). R was equal to
0.62. complete demagnetization occurred at ap
proximately 60 mT, and the af demagnetization
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Fig. H. Normalized curves of acquisition and af demagnetiza
tion of SIRM for (a) freeze-dried whole cells (M-l) and (b)
freeze-dried magnetosome chains separated from cells (M-2).
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Table 2
Coercivities and coercivity distribution parameters for whole
and separated magnetosomes
Coercivity
(mT)

~-1

He

26.7
27.6
27.5
32.2
33.7
0.53
0.50
0.54
0.55

H,

H;
11 1/

2HJIl

Hl/1arm
il)

(11,/ Hl);rn,
h)
( H j /H 2 )"",
e)
(H,/H l );""
d)
(H I /H 2 )a,,,,

Distribution
h) Distribution
'" Distribution
d) Distribution
ARM.

;0)

b. sample M-2

M-2
3.7
16.6
22.4
9.0
12.3
0.36
0.19
0.17
0.30

parameters for lRM acquisition.
parameters for dc demagnetization of SIRM.
parameters for af demagnetization of SIRM.
parameters for af demagnetization of 0.1 mT
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Fig. 9. 'ormalized remanence curves as a flll1ction of the
applied field for (a) M-1 and (b) M-2. For comparison. all
curves are plotted in terms of the af demagnetization curve
according to the Wohlfarth relationships [eq. (1) of text].

spectrum was offset towards higher fields with
respect to its dc magnetization spectrum. The vari
ous estimates of coercivities were also significantly
different between the two samples (see table 2).
Ratios of Hl12 /H r and H:/H r were 1.17 and 1.00
for M-l and 0.54 and 1.35 for M-2.
The difference in demagnetization characteris
tics between M-l and M-2 was demonstrated fur
ther when remanence data were plotted in terms
of lire it), according to relations (la-c). The re
sults are shown in fig. 9 and confirmed that M-l
exhibited type II behavior, whereas M-2 exhibited
type I behavior using the classification scheme of
Kneller [26]. The results also illustrated that the
most efficient method for erasing an SIRM was af
demagnetization in M-2 and dc demagnetization
in M-1. It should be noted, however, that when
multi-axis af demagnetization was employed, it
was found to be more efficient than either single
axis af or dc demagnetization methods. Further
more, the R parameter determined from multi-axis
af demagnetization of SIRM was lower than its
value obtained from single-axis demagnetization
[23].
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Fig. 11. Normalized af demagnetization curves of ARM and
SIRM. ARM was acquired in de field of 0.1 mT.

was barely at 10% of saturation in the same field.
As a comparison, for comparable sized dispersed
single-domain powders, ARM was less than 30%
of saturation by 0.6 mT [27,28]. Initial anhys
teretic susceptibilities (actually Xarm/SIRM) were
2.68 (kA/m)-l and 0.13 (kA/m)-l for M-l and
M-2, respectively.

4.4. Anhysteretic remanent magnetization
4.5. Lowrie-Fuller test
Fig. 10 compare ARM induction curves for
M-l and M-2. The approach to saturation was
much more rapid in M-l and M-2. For example,
the ARM of M-l was approximately 70% of
saturation in a field of only 0.6 mT, whereas M-2
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Fig. 10. Normalized acquisition of anhysteretie remanent mag
netization as a function of applied dc field for M-1 and M-2.

A commonly used procedure in rock mag
netism is the Lowrie- Fuller test [29,30], in which
the af demagnetization spectra of a strong-field
remanence, such as SIRM, is compared to a
weak-field remanence, such as ARM. This test has
been shown to discriminate between SD-like and
MD-like particles. For example, weak-field ARM
in SD and small MD particles exhibit more resis
tance to af demagnetization than strong-field IRM.
whereas large MD particles exhibit the opposite
behavior (see ref. [30] for a complete discussion).
The results of the Lowrie-Fuller test for M-l
and M-2 are shown in fig. 11 and predicted that
the domain state was SD. as one would have
suspected based on particle size alone. The ARM
and SIRM demagnetization curves were also simi
lar in form for each sample but quite different
between samples. The initial plateaus in the ARM
and SIRM curves in M-l, which were missing in
M-2, indicated that a threshold field must be

reached before demagnetization started. In con
trast, the rapid demagnetization of ARM and
SIRM in M-2, reminiscent of demagnetization
curves for multi-domain materials. suggested that
moments with very low coercivities were present.
Variable and strong interaction fields in M-2 may
be responsible for its low stability to af dcmagne
tization. The results of fig. 11 also demonstrated
that interactions in SO materials apparently do
not effect the outcome of the Lowrie-Fuller tcst
and agree with results obtained by Cisowski [23].
The ARM and SIRM data can be compared
dircctly to results given in ref. [8], which were
obtained from deep-sea sediments that possibly
contained biogenic magnetite. Petersen et a1. [8]
used the parameters c.LF = HI/2arrn - H I / 2irn"
ARM/SIRM, and Hl/2inn to distinguish between
biogenic SO and inorganic MO magnetite. The
magnetic properties of some of their samples,
which were later found to contain magnetite par
ticles with morphologies that suggested a biogenic
origin, fell within a narrow range of values (their
A component) with c.LF "" 4.5-7.0 mT, ARM/
SIRM "" 0.07-0.10 and HI/2Irm"" 12-15 mT. By
contrast, our magnetic results on biogenic mag
netite were significantly different from those at
tributed to their A component; specifically, c.LF
= 1.5 mT, ARM/SIRM = 0.11 and HI/2irm = 32.2
mT for M-l and c.LF = 3.3, ARM/SIRM = 0.005
and HI/2irrn = 9.0 mT for M-2.
4.6. Viscous remanent magnetization
There were also significant differences in VRM
behavior between M-l and M-2. The viscous mo
ments normalized to SIRM, acquired in a steady
field of 0.5 mT after I a = 16 h, were approximately
0.08% for M-1 and 0.76% for M-2. The zero field
decay of VRM is shown in fig. 12 The experimen
tal decay curves were fitted to polynomial func
tions in In t by step-wise regression. For decay
times ILl less than la,M-l exhibited a linear loga
rithmic decay (VRM ex In t). In contrast, the best
fit polynomial for M-2 consisted of a constant
term plus a term proportional to (In t )3. After 16
h (ILl> t:J, the decay curves started to tail off but
with a significant fraction (40-50%) of the original
VRM remaining after a decay time equal to the
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Fig. 12. Normalized zero-field decay of VRM. Solid lines are
hcst fit polynomials in In I 10 the data.

original exposure time, this effect being more pro
nounced in M-2. In other words, acquisition of
VRM proceeded more rapidly than its subsequent
decay.

5. Discussion
5. J. Magnetostutic interactions
Magnetostatic interactions are most likely re
sponsible for the marked contrast between the
magnetization and demagnetization characteristics
of M-l and M-2. Stronger particle interactions are
assumed to correspond to greater degree of par
ticle agglomerations. Particle agglomeration is
much more likely to occur in M-2 because the
extracted magnetosome chains are no longer sep
arated by the cell membranes and cytoplasm of
the bacteria and, hence, are closer together on
average. In this case, the interaction fields make it
more difficult to magnetize than to demagnetize a
sample (type I behavior). The offsets between the
coercivity spectra, as observed in M-2, also have
been observed in rocks, dispersed magnetic
powders and magnetic recording media [21,23,25].
In contrast, the individual chains are still intact
within the bacteria in M-l and are therefore sep
arated from one another by the cell membranes
and cytoplasm, Thus, agglomeration of the chains
should be reduced considerably. In this case, the

af spectra are shifted towards higher fields and the
dc spectra are shifted towards lower fields. The
apparent reduction in agglomeration is apparently
sufficient to produce type II behavior, but interac
tions must stil1 be important in M-l; otherwise,
the RM curves should be described exactly by the
Wohlfarth relations. This type of behavior has not
been reported in samples consisting of dispersed
powders, although it has been observed in certain
precipitation alloys [26].
It is wel1 known that magnetic interactions are
responsible for ARM properties [26]. An estimate
of the magnitude of the interaction fields in M-l
and M-2 can be obtained from the ARM results
fonowing Jaep [31,32]. Strictly speaking, Jaep's
theory is valid only for interactions that are long
range and can be modeled by a mean field ap
proximation [33]; however, adjusting the theory to
take into account short-range interactions results
in a similar equation of ARM [33]. For the region
where the intensity of ARM is linearly dependent
on the external field hele, the ARM in an ensemble
of interacting single-domain grains is approxi
mately,
ARM/SIRM

=

Bhelcl(kT/J,

+ A),

(2)

where h ele is the applied field, A is the interaction
field, B;::: ish/i, (T/T h)I/2, and the subscript "b"
refers to the value of the parameter at the blocking
temperature [31,32]. However, the experimental
blocking temperature and, subsequently B and A,
for the bacterial magnetites were not determined
directly because of the possible adverse chemical
changes which could be induced by heating the
sample close to its Curie temperature. Neverthe
less, estimates of A can still be obtained from
estimates of B by using reasonable limits for T h as
follows.
The parameter B was calculated for different
values of T b at 50 intervals between 500 and
575 0 C with is taken from Pauthenet [34]. A was
then determined using eq. (2) and the initial slope
of the ARM induction curve (fig. 10). Using the
limits for T b , A was found to very between 0.012
and 0.065 mT for M-l, and between 0.98 and 2.4
mT for M-2 and indicated that the interaction
fields were approximately 50 times greater in M-2.

In addition, an average distance between chains of
particles (assuming an average chain length of 10
particles) that would be necessary to produce a
field equal to A was also determined. This calcula
tion predicted that the particle chains were 1-3
f.lm apart in M-1, but only 0.3-0.4 f.lm apart in
M-2. The former estimate was consistent with the
average size of an individual bacterium.
The time dependence of magnetization can also
be related qualitatively to the degree of particle
interactions. For example, most theories of mag
netic viscosity for non-interacting SD particles
predict a linear In t dependence of magnetization
[35]. However, the time dependence commonly
observed is non-linear in In t for many rocks.
dilute fine-particle dispersions and spin glasses
(e.g.. refs. [36-40]). Using a mean random field
approach, Walton and Dunlop [39] predicted that
the aquisition and decay of VRM should fol1ow a
polynomial In t dependence. As our ARM results
suggested. interactions fields were much lower in
M-l, which exhibited a linear In t dependence,
than in M-2. which did not. The distinct curvature
exhibited by the time dependence of magnetiza
tion of M-2 has also been observed in synthetic
SD and small MD magnetites [36].
However. to explain the observation that
acquisition of VRM is faster than the correspond
ing decay, a different distribution of activation
times must be involved during acquisition and
decay. It is possible that a distribution of interac
tions fields could produce the asymmetry between
acquisition in an external field and decay in zero
field. This asymmetry has also been observed in
many other SD and MD materials (e.g.. refs.
[36,37]); however, there is not yet a satisfactory
theoretical explanation for this observation.
5.2. Bacterial versus synthetic magnetite

The results of our experiments also offer an
excellent opportunity to compare and contrast the
magnetic properties of bacterial magnetite to com
parably size synthetic magnetite, particularly con
cerning the role of magnetostatic interactions. The
importance of interactions is dispersed magnetic
powders has been suggested often (e.g. refs.
[21,23,26]). Invariably. for samples consisting of

dilute dispersions of magnetite in a non-magnetic
matrix, particle interactions are prevalent due to
particle agglomerations. Moreover, most synthetic
magnetites are compared of a distribution of par
ticle sizes. The combined effects of magnetostatic
interactions and a distribu tion of particle sizes
play an important role in determining the mag
netic properties of an ensemble of SD particles.
The separation of these two effects is particularly
important for various methods of magnetic
granulometry, which are being used in many stud
ies of the environmental applications of mag
netism (e.g., ref. (41)). The narrow particle size
distribution of the bacterial magnetite effectively
removes particle size as a variable; hence, dif
ferences in magnetic properties between the
freeze-dried samples should be due to interactions
alone.
Magnetic properties of synthetic magnetites
have been taken from the rock magnetic literature
[21,42-45] and included: (1) chemically precipi
tated equidimensional particles, with grain sizes
ranging from 25 to 220 nm; and (2) acicular
particles with axial ratios of 8: 1 and 7: 1 and
absolute dimensions of 30 X 200 nm2 and 40 X
3500 m2 , respectively. The acicular particles have
similar grain dimensions to the magnetosome
chains in M-l. These samples were chosen for

Tablc 3
Magnctic paramctcrs of bactcrial and synthctic magnctite
Paramctcr

M-I

Xarm/XO

148.7

X",,,,/SIRM
(1/kAm- 1)
Xu/Js (X10- J
(1/kAm- I ))
SIRM/Xu
(kAm· I)

2.675

M-2
1.46
0.125

9.86

34.88

55.58

11.73

Su/Js

0.26

J,l,

Hr/He

Cubic

a)

5.19
9.76
0.150
0.188
8.75

Acicular ol
5.98
38.2
0.113
6.87
53.12

0.92

32.08
51.68
0.60

0.53

0.41

0.28

1.02

4.49

0.36
0.45
1-2

(X 10 .4)

1-2

.) Valucs wcrc interpolated for a grain sizc of 42 nm. Rc ults
wcrc takcn from rcfs. [42-45J.
2
b) Acicular magnetites wcrc 30 x 200 nm
[45] and 40 x 350
nm2 (King, unpublishcd).

Table 4
Cocrcivitics of bactcrial and synthetic magnetitcs
Cocrcivity
(mT)

M-1

M-2

Cubic

He
Hr
H'r

26.7
27.6
27.5
32.2
33.7

3.7
16.6
22.4
9.0
12.3

21.3
38.4
50.6
283

H 1/

21r111

J/l/2urlll

a)

Acicular

01

30.5-43.8
50.5-60.0
67.7
43.4
57.1

Values wcre intcrpolatcd for a grain size of 42 nm. Rcsults
wcrc takcn from ref. [21].
oj Acicular magnetites wcre 30 X 200 nm" [21] and 40 x 350
nm 2 [44].

aj

comparison because their ARM, SIRM, Xo, Sd
and coercivity data were available in the literature.
Additionally, to eliminate errors arising from un
certainties in the concentration of magnetite in
our samples, ratios of magnetic parameters that
are independent of concentration were used for
comparisons. Parameter ratios are summarized in
table 3 and coercivity data are summarized in
table 4.
5.2. J. Parameter ratios
Particle interactions should have a pronounced
effect on the ratios Xarm/XO and Xarm/SIRM with
Xarm decreasing and Xo increasing with the
strength of the interaction field [26]. The ratios
Xarm/XO and Xarm/SIRM for M-2 were similar to,
but slightly lower than, those for the equant mag
netites. On the other hand, the same ratios for
M-l were at least 10 times higher than the equant
magnetites and 4-10 times higher than the acicu
lar magnetites. The similar ARM results between
M-2 and the synthetic magnetites suggest that
similar interactions, presumably due to agglomer
ation effects are responsible for ARM in both
types of materials. This conclusion is supported
further by the observation that all synthetic dis
persed magnetites exhibit type I behavior [21,23].
just like M-2. Significantly, it is interesting to note
that the volume percent of magnetite in M-2 is
higher than the dispersed synthetic powders and
suggests that dilution alone does not reduce ag
glomeration. The higher values of Xarm/X 0 and
Xarrn/SIRM for M-1, undoubtedly related to the
reduced effects of agglomerations, indicate that
acicular magnetite is not a good analog for ARM

in M-l, even though the particle dimensions are
approximately the same.
The Xo/J, and SIRM/Xo parameters for M-l
were at the high end of the range of values re
ported for synthetic magnetites (table 3). By con
trast, for M-2, Xo/J, was higher and SIRM/Xo
lower than the values in M-l and the synthetic
magnetites. The effects of particle agglomerations
on XO are probably responsible for these dif
ferences because the effects of agglomerations on
the intensity of SIRM appear to be minor, as
evidenced by the smaller decrease in ir!Js be
tween M-l and M-2 (table 3). Particle agglomera
tions can produce an increase in Xo by effectively
producing a general decrease in shape anisotropy
in a dispersion of particles. The shift iT' the ani
sotropy field distribution toward lower fields with
drying time (or equivalently with increasing ag
glomeration, see fig. 4) is consistent with a de
crease in shape anisotropy.
The ratio Sd/J, for the bacterial and synthetic
magnetites, reduced to h = 0.1 mT, is shown in
table 3. The trend in this ratio, M-2 > equant
magnetite> M-l, corresponds to the increase in
the volume concentration of magnetite in each
sample and suggests that increased particle inter
actions also increases the viscosity coefficient.
5.2.2. Coercivity
Values of coercivities for bacterial and syn
thetic magnetites are summarized in table 4. For
M-l, He and H I/2 were higher and H r and H:
lower than they were for equant magnetites and
reflected the difference between the interaction
fields in type I (synthetic equant magnetite) and
type II (M-l) materials. Dankers [24] observed
that in weakly magnetic SD hematite, where inter
actions should be negligible,
Hf' in agree
ment with the results for M-1. In contrast, M-2
had
> Hf' as well as much lower coercivities
than observed in the synthetic magnetites, pre
sumably due to the increased in particle interac
tions in M-2. However, Dunlop [45] observed only
minor changes in coercivity in nearly SD sized
magnetites with concentrations up to 30% by
volume.
Whereas the absolute values of coercivities be
tween M-2 and the synthetic magnetites are differ

H:;::;

H:

ent, the ratios H I12 /H r and H:/H4 are not. For
example, Dunlop [21 ] found that H: / H r =
1.25-1.38 and H 112 / H r = 0.62-0.86 for dispersed
SD magnetites. In comparison, in M-2,
HI =
1.35 and H 1/2 / H r = 0.54. However, the similar
value of these ratios for the two sets of samples is
only an expression of the more general relation
ship, H: + H I12 ;::; 2 Iff' which was found to hold
for dispersed samples of magnetite ranging in size
from 0.1 to 250 Ilm [21,24]. According to Kneller
[26], H: + H I/2 = 2H r is predicted for interacting
type I SD materials, in which interactions can be
modeled by a mean field approximation. How
ever, M-l, a type II material, also approximately
obeys this relationship, so its significance is un
clear.
It is also interesting to compare the ratio J/r! He
between sample M-l and M-2 (table 3). Theoreti
cally, in a randomly oriented ensemble of coher
ently reversing SD particles, 1 < Hr! He < 2 [26].
The data for M-l and the synthetic magnetites
agree with the predicted SD values. However.
Hr! He for M-2 is significantly higher than predic
ted. The high value of Hr! He is due to the much
greater decrease of He when the magnetosomes
are extracted from the cells. He decreases nearly
90% but H r decreases only 40% upon extraction.
High values of Hr! He often indicate the presence
of SP particles or a mixture of soft and hard
coercivity components [26], although in our case
SP particles seem unlikely. On the other hand,
interactions may either produce low coercivity
components or produce an increase in susceptibil
ity such that i r is balanced only by the induced
magnetization - XOHe [21]. The af demagnetiza
tion of SIRM and ARM for M-2, however, IS
consistent with low coercivity moments.

If:/

5.3. Chain-oj-spheres model

The SW model for coherent rotation of magne
tization due to shape anisotropy predicts that the
coercive force in M-l should be approximately
140 mT for an axial ratio of 10: 1 (i.e., a chain
length of 10 particles). The much lower observed
coercive force of 23.8 mT in M-l suggests a non
coherent reversal mechanism. A likely mechanism
for moment reversal along a chain of magneto

somes is the fanning or chain of spheres model
[18], as first suggested by Denham et al. [16].
The chain-of-spheres model was originally de
veloped to explain the coercive force in elongated
single domain grains [18]. This model should be
ideal to describe the reversal mode in M-l because
of the unique linear arrangement of equidimen
sionaJ particles in bacterium. Experimental values
for the rotational hysteresis integral and the ratio
of coercive forces for random and aligned sample
for M-l are compared with predictions based on
the SW and chain-of-spheres models in table 5.
The experimental data are in excellent agreement
with the chain-of-spheres model.
In the original chain-of-spheres calculations
[18]. however, the spheres were assumed to be
touching. It is clear from electron micrographs
that this is not the case for magnetosomes in
magnetotactic bacteria. To account for a finite
separation distance, the model coercive forces must
be reduced by (1 + (3)-3, where 13 = x/a, a is the
particle diameter and x is the separation distance.
This correction assumes that 13 is a constant along
the chain length in an individual bacterium.
Coercive force for randomly oriented chains as a
function of 13 are plotted in fig. 13 for three
different reversal models [18]: (1) symmetric fan
ning (model A), where the magnitude of the angle
of fanning is constant along the length of the
chain; (2) non-symmetric fanning (model A'),
where the angle of fanning is not constant; and (3)
parallel rotation (model B). The results of these
calculations are as follows.
First. l( increases continuously with chain
length for both models A and B, whereas, in
model A', He is nearly independent of chain length
for n greater than 6 [18]. Second, the values for 13
estimated from the observed coercive force for

Table 5
Calculated and observed values for selected magnetic parame
ters. Model values arc based on an ensemble of random
uniaxial particles
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Fig. 13. Coercive forces for a randomly oriented chain of
spheres as a function of sphere separation (f3). Model calcula
tions arc based on the the chain of spheres model [18]. The
dark stipple curve is for parallel rotation (model B). the light
stipple curve is for symmetric fanning (model A). and the solid
curve is for non-symmetric fanning (model A'). The width of
each curve takes into account different chain lengths from 6 to
an infinite number of spheres. See text for further details.

M-l (He = 26.7 mT) using fig. 13 are (1) 0.25 for
model A', (2) 0.37-0.46 for model A and (3)
0.8-0.9 for model B. Models A and A' predict
values of 13 that are consistent with observation
(x = 3-18 nm, 13 =:: 0.07-0.43 [3]). In contrast,
model B predicts values of 13 that are too high and
therefore it seems unlikely that coherent rotation
is important. Third, to account for the observed
coercivity spectrum (i.e., H]/H 2 =!= L see table 1),
or the distribution of anisotropy fields (fig. 3) in
M-l, either a distribution in chain length (model
A only), or a distribution of 13 (model A or A'), or
both, must be assumed. Finally, it is interesting to
note that the acicular magnetites had significantly
higher values of coercivity than M-l (see table 4),
even though the particle dimensions were com
parable. This disagreement may partly reflect the
finite separation of magnetosomes along the chain
length. This result may also indicate a completely
different reversal mechanisms for acicular par
ticles as suggested by Knowles [46].
5.4. Implications for paleomagnetism

Paran1cler

SW
model

Fanning
model

M-l

R,

0.3BO
0.479

1.02
1.08-1.13

0.92
0.93

II, (random)/ I(aligned)

Despite the successes of paleomagnetism, the
mechanisms by which the remanent magnetization
of marine sediments is acquired, and subsequently

retained over geologic time remains poorly under
stood. Rock magnetic studies indicate that the
remanence in many marine sediments reside in
SD-like particles of magnetite (e.g., ref. [47]). Yet,
the exact identification of these particles, in many
cases, has not been made. Since the discovery of
magnetotactic bacteria, it has been suggested that
fossil biogenic SD magnetite may be the primary
carrier of remanent magnetization in marine sedi
ment [6-10).
Petersen et al. [8] proposed some simple mag
netic measurements to demonstrate the existence
of biogenic magnetite in deep-sea sediments.
However, our results, using the same measure
ments, are not consistent with those in ref. [8).
There are several possible explanations for this
discrepancy. First, the parameters used in ref. [8]
are likely to distinguish between any type of SD
from MD particle, and not just biogenic mag
netite. Second, we do not know if different species,
or ancient species, of magnetotactic bacteria would
exhibit slightly different magnetic properties.
Third, the fossil biogenic magnetite could con
ceivably act as individual particles, whereas in our
samples they are still in chains. For all these
reasons, it is not too surprising that our results
differ significantly from those in ref. [8].
The SD nature of magnetosomes is clearly dem
onstrated. The problem is how the magnetosomes
are incorporated into the sediments. Do the chains
remain intact, or do the individual particles sep
arate and then agglomerate? Preliminary results
[7 -10] suggests that the chains remain intact after
deposition. If so, the marked contrast between
acquisition and demagnetization of SIRM (fig. 8)
for M-l and M-2 would suggest a simple magnetic
test for the presence of magnetosome chains. The
unique type II behavior exhibited by M-l would
be diagnostic for intact magnetosomes. However,
several factors could serve to mask the type II
behavior. As far as we know, all non-biogenic
magnetic phases in rocks exhibit type I behavior.
Therefore, the presence of any non-biogenic mag
netite or any other magnetic phases, in sufficient
quantity, could dominate the SIRM behavior. Fi
nally, our results suggest that until a type II
response is observed in marine sediments, electron
microscope observation of magnetite morpholo

gies is the only unambiguous technique for dis
tinguishing between lithogenic and biogenic mag
netite.

6. Conclusions
(l) Freeze-dried powders of A. magnetotacti
cum containing either intact whole cells (M-l) or
magnetosome chains separated from cells (M-2)
exhibited single-domain behavior.
(2) An average magnetic dipole moment per
cell of 2.4 X 10 11 Am2 was determined by mag
netically induced birefringence. The average mag
netic moment corresponded to about 10 magneto
somes per cell.
(3) The acquisition and demagnetization of
IRM and ARM and the time dependence of VRM
were significantly different between M-l and M-2.
This contrast in magnetic behavior was attributed
to different degrees of particle agglomerations or,
equivalently, to differences in the strength of the
interaction fields in each sample. Particle ag
glomeration was greater and interaction fields
larger in M-2 because the extracted magnetosomes
chains were no longer separated from one another
by the cell membranes and cytoplasm of the
bacteria.
(4) AF demagnetization spectrum of SIRM was
shifted towards higher fields wi th respect to the dc
spectra for M-l, whereas the opposite behavior
was observed for M-2. According to the classifi
cation scheme of Kneller [26]; M-l and M-2 ex
hibited type II and type I behavior, respectively.
The reason for this difference, although qualita
tively related to magnetostatic interactions, was
unclear.
(5) M-l exhibited magnetic properties that were
markedly different from those in synthetic disper
sed powders of comparable grain size.
(6) The chain-of-spheres model predicted val
ues for the coercive force, the rotational hysteresis
parameter, and the ratio He (random)j He (aligned)
that agreed with experimental values for M-l. This
model was consistent with unique linear arrange
ment of equidimensional single-domain particles
in A. magnetotacticum.

(7) The unique type II behavior of M-l would
suggest a simple magnetic method for determining
the presence of intact magnetosome chains in sediments, although several factors could mask this
effect in natural samples.
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